Several vertebrates choose their mate according to genetic heterozygosity and relatedness, and use odour cues to assess their conspecifics' genetic make-up. In birds, although several species (including the blacklegged kittiwake) exhibit non-random mating according to genetic traits, the cues used to assess genetic characteristics remain unknown. The importance of olfaction in birds' social behaviour is gaining attention among researchers, and it has been suggested that, as in other vertebrates, bird body scent may convey information about genetic traits. Here, we combined gas chromatography data and genetic analyses at microsatellite loci to test whether semiochemical messages in preen secretion of kittiwakes carried information about genetic heterozygosity and relatedness. Semiochemical profile was correlated with heterozygosity in males and females, while semiochemical distance was correlated with genetic distance only in male -male dyads. Our study is the first to demonstrate a link between odour and genetics in birds, which sets the stage for the existence of sophisticated odour-based mechanisms of mate choice also in birds.
INTRODUCTION
Many species exhibit non-random mating, and numerous traits affect mate choice. Although most studies have focused on morphological and behavioural traits [1] , evidence is accruing for multiple genetic criteria for mate choice [2, 3] . Females may choose males with 'good genes', such as those with alleles or allele combinations increasing fitness [4, 5] or with high heterozygosity [6] [7] [8] .
Alternatively, but not exclusively, females may choose males with 'compatible genes' [3, 9] to enhance offspring heterozygosity, thus positively affecting offspring viability through increased resistance to infectious diseases and inbreeding avoidance [9] [10] [11] .
As genes are not directly assessable, they need to be expressed in the phenotype to influence mate choice. Good genes may be assessed visually, acoustically or olfactorily, through ornamentation, colour, dominance, song or body scent [12 -16] . Studies on compatible gene assessment are relatively scarce. However, genetic relatedness has been demonstrated to be advertised by olfactory cues in a growing number of species. For instance, women prefer the sweat odour of genetically dissimilar men [17] . Female bank voles Myodes glareolus [18] , house mice Mus musculus [19] , agile antechinuses Antechinus agilis [20] and sand lizards Lacerta agilis [11] prefer spending time near the odour of genetically dissimilar males. Ring-tailed lemurs Lemur catta can detect their relatedness to conspecifics using the odour of glandular secretions [13] . Finally, in Arctic charrs Salvelinus alpinus, genetic distance between individuals is related to olfactory cues [21] .
Most of these studies have shown a link between genetic relatedness at major histocompatibility complex (MHC) loci and body scent [11, 17, 19, 21, 22] . The MHC is an extremely polymorphic complex of genes that plays a critical role in immune response and disease resistance. MHC heterozygotes have an advantage over homozygotes because they have better immune capacities and resist a wider range of pathogens [23 -25] . MHC gene products are found in bodily secretions [26] , and MHC-associated odour-mediated mating preferences have been documented in various vertebrates. However, in addition to MHC, 'background' genes or other highly polymorphic markers, such as the major urinary proteins in mice, can influence body scent [27, 28] . Furthermore, if scent reflects genetic characteristics as suggested by these studies, scent signals have been suggested to systematically reflect more genome-wide variation than MHC variation only [13] . Accordingly, several studies have shown a link between body scent and genome-wide relatedness measured through neutral loci or pedigree analyses [20,29 -32] .
Several bird species preferentially mate with heterozygous or unrelated individuals [10,33 -39] , or adjust their reproductive effort in response to the genetic similarity of their partners [40, 41] . Sexually selected traits such as colour, song and body size have been shown to correlate with inbreeding or heterozygosity in several bird species [36,42 -44] . However, the phenotypic cues used in the assessment of genetic relatedness in birds have not yet been determined. Most birds do not patently scent-investigate their conspecifics, and the use of chemical communication in bird social behaviour was doubted for a long time. However, bird body scent may convey information about species, sex, hormonal state or individuality [45 -49] , and recent studies have shown that birds used olfaction in various social contexts [50 -55] . As in other vertebrates, birds' body scent may thus convey information about genetic make-up [51, 56] .
Black-legged kittiwakes Rissa tridactyla preferentially mate with genetically dissimilar individuals [33] and do not seem to use vocal cues to achieve such discrimination [57] . Furthermore, second-hatched chicks that are heterozygous at neutral loci grow faster and survive longer than homozygous chicks [33] . It is therefore likely that, as in many other species [58] [59] [60] , heterozygous adults have higher fitness than homozygous adults and are preferred mates. Furthermore, kittiwakes can smell [61] , and their preen secretion odour conveys information about individuality [49] . Kittiwakes have thus been suggested to use chemical cues to assess the genetic make-up of their conspecifics. Here, we combine gas chromatography-mass spectrometry (GCMS) data and microsatellite analyses to test whether semiochemical compounds in preen secretion of kittiwakes carry information about genome-wide heterozygosity and relatedness. [62] . Odourant and genetic samples were collected from 15 females and 19 males. Adult sexing was based on molecular sexing (n ¼ 19 birds), and on copulation and courtship feeding during the pre-laying period (n ¼ 15 birds) [63] .
METHODS
(b) Odourant sample collection and analyses We collected preen oil as in an earlier study [49] , by gently pressing the base of the gland and collecting the exudates with a glass capillary. We stored samples at 2208C in 2 ml polytetrafluoroethylene-faced septum vials, until extraction of organic compounds. Extraction and analyses followed our protocol described earlier [49] . To further identify the acid and alcohol portions of ester compounds, we transesterified representative samples. Three millilitres of methanol with 5 per cent sodium methoxylate were added to the secretion sample. The mixture was left for 1 h at ambient temperature. GCMS analyses of transesterified products of the secretions were carried out on a GCMS Shimadzu QP2010 plus apparatus equipped with splitless injection and Supelco SLB-5 ms capillary column. The scan range of the mass spectrometer was 38-600 m/z. The oven temperature programme was as follows: 78C min -1 from 508C to 2008C, and then 38C min -1 to 2908C. Identification of compounds was based on mass-spectral fragmentation pattern using various libraries and a chromatographic retention index (NIST 2005) .
In all, 224 compounds were detected in preen secretions. As we could not control for the amount of oil collected, we did not rely on the absolute abundance of chromatogram peaks in our statistical analyses (as described in earlier studies [29, 45, 46, 64, 65] ). Rather, each peak was quantified as the relative proportion of the peak size to the overall total area of the chromatogram. For statistical analyses, we retained peaks that comprised at least 0.1 per cent of the overall area of the chromatogram (n ¼ 94 peaks). These compounds represented on average 98.3 + 0.1% of the overall chromatogram area and were present in all individuals. To describe the semiochemistry of kittiwakes, we used four indices. First, we calculated Simpson and Shannon indices, which are commonly used by community ecologists to describe diversity [66, 67] . Both of these indices account for abundance and evenness of detected compounds, but whereas the Shannon index is most strongly influenced by the relatively common compounds that are of intermediate abundance, the Simpson index is more sensitive to compounds that show the greatest relative abundance [66] . Genetic characteristics such as heterozygosity may be encoded by a set of particular compounds rather than by the overall diversity in compounds [68] . We thus generated a principal component analysis (PCA) on relative abundances of compounds and used the first two principal components (PC1 and PC2). This allowed us to summarize individual chemical information into synthetic variables, each mainly reflecting a particular set of compounds, and therefore to determine the compounds that encode the genetic heterozygosity. To describe the dissimilarity between semiochemical profiles, we used two indices: the relative Euclidean distance, and the difference in PC1 (D PC1 ) and PC2 (D PC2 ) for each dyad of individuals. The relative Euclidean distance reflects the overall distance between two profiles and considers each compound equally. However, many chemical compounds are probably silent in kin recognition [68] . Using differences in PC allowed us to identify the chemicals that show the greatest correlation with relatedness. This has been suggested to be an attractive way forward in the understanding of the relationship between body scent and genetic relatedness [68] .
(c) Genetic analyses At capture, blood was taken from the alar vein using a 1 ml syringe and a 25 gauge needle, and kept in a preservative solution (Longmire buffer [69] ). Genomic DNA was extracted from each blood sample using the DNeasy Blood and Tissue Kit (Qiagen Group) following the supplier's guidelines. We used diversity at microsatellite loci as a proxy of genome-wide diversity (but see [70] ). Samples were genotyped at 10 microsatellite loci [33] , distributed in two multiplexes (electronic supplementary material, table A1). We amplified 1 ml extracted DNA in 10 ml reactions using 0.75X Multiplex PCR Master Mix (Qiagen Group), and 0.05 -0.45 mM of each primer (electronic supplementary material, table A1). For the multiplex 1, the PCR thermal profile consisted of denaturation at 958C for 15 min, followed by 35 cycles of 958C denaturation for 30 s, 578C annealing for 1 min 30 s, 728C elongation for 1 min and a final elongation at 608C for 30 min. For multiplex 2, the thermal profile was the same except that annealing was done at 608C. PCR product (1 ml) was then mixed with 8.7 ml of highly deionized formamide and 0.3 ml of Genescan 600 LIZ size standard (Applied Biosystems). The mixtures were denatured at 958C for 5 min before separation with a 48-capillary 3730 DNA Analyzer (Applied Biosystems) using POP-7 polymer and the manufacturer's default electrophoresis run settings. Data analysis and genotyping were performed with GENEMAPPER software (Applied Biosystems).
Mean heterozygosity (H; proportion of heterozygous loci in a given individual) and internal relatedness (IR; IR ¼ (2Hz 2 P fi)/(2N 2 P fi), where Hz is the number of loci that are homozygous, N is the number of loci and fi is the frequency of the ith allele contained in the genotype) [71] were used as the estimate of genetic quality and were calculated using the NAUSICAA software [33] . We found a wide range of variation in H and IR (range: 0.20 to 0.90 and 20.18 to 0.68, respectively; mean + s.e.: 0.68 + 0.02 and 0.07 + 0.03, respectively). H and IR were highly correlated (r 2 ¼ 0.95; p , 0.0001). Two estimates of genetic relatedness between each dyad of individuals were calculated using IDENTIX software [72] : identity (R ID ) [73] and Queller & Goodnight (R QG ) [74] . These estimates were transformed into estimates of genetic distances using the formula, D ¼ 1 -R. To obtain more accurate estimates of the relatedness between our focal subjects, we calculated these estimates using a larger dataset (n ¼ 371 individuals). Five individuals included in this study were only genotyped using the method described by Mulard et al. [33] . The correspondence between the two methods was tested by genotyping 30 individuals of the population using the two methods. Correspondence was found not to match for loci K32 and RBG20. The genetic distance between those five individuals and the 371 other individuals was thus calculated without those two loci.
(d) Statistical analyses The effect of heterozygosity (H and IR) on chemical profile (as described by PC1, PC2, Simpson and Shannon indices) was examined using General Linear Models. Kittiwakes' semiochemical compounds differ between males and females, and vary according to the breeding stage [49] . Sex and breeding stage (i.e. number of days between sampling and laying) were thus included as covariates in the model.
The relationship between chemical distances (D PC1 , D PC2 and relative Euclidean distances) and genetic distances (D ID and D QG ) in female-female (FF) and male-male (MM) dyads was analysed with partial Mantel tests and 5000 data randomizations (VEGAN package in R). Difference in breeding stage between the members of the dyad was included as a covariate in these tests. The male-female (MF) matrix was not square and thus we could not use the Mantel test. Instead, we used a permutation test to compare the empirical F-value against a distribution of F-values generated by resampling. We calculated the empirical F-value of a model with chemical distance as the dependent variable and genetic distance and difference in breeding stage as fixed effects, using the raw data. Then, we shuffled the empirical genetic distances and recalculated the simulated F-values. This shuffling and scoring procedure was repeated 1000 times to generate a distribution of simulated F-values. To generate a p-value, we counted how many times the value of the simulated correlation coefficient exceeded the value of the empirical correlation coefficient, and then divided this number by 1000 (as in the study of Boulet et al. [31] ). All statistical tests were performed with R statistical software [75] .
3. RESULTS (a) Semiochemical diversity PC1 represented 29 per cent of the variance and was strongly positively correlated with several minor compounds (r . 0.6, p , 0.0001; figure 1 and table 1a) . Considering only the major compounds, PC1 was not correlated with the two main compounds (hexadecyl octanoate and octadecyl figure 1 and table 1b) . 
DISCUSSION
To the best of our knowledge, we provide the first evidence that birds' semiochemical compounds can provide information about genetic make-up. Several studies have shown persistent differences in preen gland secretion between individuals or populations, suggesting a genetic basis to preen oil chemistry [45 -49] . However, no previous studies have demonstrated a correlative link between preen oil chemicals and genetic heterozygosity or relatedness in birds.
(a) Semiochemical compounds and heterozygosity The chemical profile of preen secretion was found to reflect genetic heterozygosity in kittiwakes (figures 2 and 3). In mice, ring-tailed lemurs Lemur catta and humans, heterozygosity is also encoded in body scent, and females prefer the scent of heterozygous over homozygous males [13, 14, 29, 76] . It is unclear how olfactory signals come to represent an individual's heterozygosity [26, 77] . One mediating mechanism may implicate genetic polymorphism in the enzymes involved in the biosynthesis of chemicals or in the proteins that bind fatty acids [78, 79] . As a result, heterozygous individuals are suggested to have more complex chemical profiles than homozygous individuals. Consistently, lemur males that express more compounds in scrotal secretion are more heterozygous [29] . In kittiwakes, heterozygosity is not related to diversity indices in preen secretion compounds, but rather to a particular set of compounds. Preen secretion of heterozygous individuals contains several minor compounds in higher abundance, but several major compounds (i.e. odd carbon-numbered alcohols esterified with even carbon-numbered 2-methyl fatty acids: tridecyl 2-methyloctanoate, tridecyl 2-methyldecanoate, pentadecyl 2-methyloctanoate, pentadecyl 2-methyldecanoate, heptadecyl 2-methyloctanoate, pentadecyl 2-methyldodecanoate, heptadecyl 2-methyldecanoate and heptadecyl 2-methyldodecanoate) in lower abundance than preen secretion of homozygous individuals (figures 1 and 2;  table 1a ; electronic supplementary material, figure A2 ). This may suggest a more even composition of compound abundances in heterozygous than in homozygous kittiwakes (electronic supplementary material, figure A2 ).
The compounds encoding heterozygosity were also found to encode sex. Homozygous males have more female-like preen secretions, whereas heterozygous females have more male-like secretions (figure 2) [49] . Similarly, in dark-eyed juncos Junco hyemalis, lower-quality males (as expressed by shorter wing length) have more female-like preen odour [80] .
In many species, heterozygosity is associated with traits of individual quality, such as growth, parasite load, fecundity or survival [58 -60] . In kittiwakes, heterozygosity is related to chick growth rate and chick survival [33] , and it probably also affects adult fitness. Kittiwakes are thus expected to choose their mate according to heterozygosity, as found in other birds such as wire-tailed manakins Pipra filicauda [36] , blue tits Cyanistes caeruleus [37] and house sparrows Passer domesticus [34] . In kittiwakes, integument coloration reflects heterozygosity [42] . Odour may thus be one of the cues used by birds to assess the genetic quality of their potential partners.
(b) Semiochemical compounds and genetic relatedness Distances in chemical profiles were found to be positively correlated with genetic distances in MM dyads (figure 3). The compounds encoding this relation were mainly hexadecyl octanoate and octadecyl octanoate, which are the two major compounds in kittiwakes' preen secretion, and on preen down feathers and neck feathers [49] (Sarah Leclaire 2010, unpublished data; figure 1 and table 1b) . In humans, mandrills Mandrillus sphinx, ring-tailed lemurs, giant pandas Odour reflects genetics in kittiwakes S. Leclaire et al. 1189 Ailuropoda melanoleuca, beavers Castor canadensis, mice, sand lizards Lacerta agilis and Arctic charrs Salvelinus alpinus, genetic relatedness is also encoded in semiochemicals, and in some of these species, females have been shown to prefer the scent of unrelated males [11, 17, 19, 21, 22, [30] [31] [32] . Kittiwakes do not display much social behaviour except within the pair. Therefore, they are not expected to be nepotistic towards their kin. Kittiwakes preferentially mate with unrelated individuals [33] . The assessment of MF relatedness should thus be more strongly selected than the assessment of MM or FF relatedness. We did not, however, find any evidence for a relationship between genetic relatedness and semiochemical distance in MF dyads. This may be owing to our relatively small sample size. Similarly, in giant pandas, information about kinship was only found in the urine of males [32] . Genetic relatedness may be assessed by self-referent or known-kin matching, with individuals avoiding breeding with individuals that have scent signatures to their own or their known kin [81] . In birds, sexual imprinting, by which mate preferences are affected by learning at a very young age, usually using a parent as the model, is very common [82, 83] . Our results suggest that females may use a matching mechanism with a known kin male, such as their father, to assess their relatedness to potential mates. Similarly, in house mice Mus musculus domesticus, cross-fostering experiments have shown that females negatively imprint on familiar MHC-determined odour [84] .
Most studies on body scent as a cue in the assessment of genetic relatedness have shown a link between body scent and relatedness at MHC loci [22] . The mechanism by which MHC genes influence odour is still unclear, but the mounting evidence for genetically unrelated mate choice might be explained by widespread MHC odour types in vertebrates including birds. CD1 genes, which are found in birds and mammals, are evolutionary predecessors of the MHC genes [85, 86] . These genes code for proteins that present antigens such as fatty acids and glycolipids to T-cells, rather than the more typical presentation of peptides [87] . These genes might also play a role in regulating similar fatty acid compositions as found in preen gland secretions [87] . Additionally, preen esters may be metabolic by-products of preen gland bacterial flora, the composition of which may partly depend on MHC [26] . Finally, background genes can also influence odour profiles [27] . Polymorphism in the gene products that govern the biosynthesis of wax esters could mediate the relationship between odour and genetic make-up [78, 79, 88] . Studies are needed to determine whether odours are influenced more by MHC than by overall genetic relatedness in kittiwakes.
Our study is the first to demonstrate a link between odour and genetics in birds, which sets the stage for the existence of sophisticated odour-based mechanisms of mate choice also in birds. Our study thus contributes to an increasing body of evidence suggesting that odour cues play a greater role in communication in birds than previously assumed. However, whether birds use odour cues to choose their mates still needs to be demonstrated.
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